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fluid that line the respiratory airways by reacting with lipid rich components in lung-lining fluid as well as cell membranes to form stable lipid peroxides. This results in the induction of oxidative stress, the depletion of antioxidant reservoirs and injury to airway epithelial cells (Bromberg, 2016) . Ozonized phospholipids trigger the release of proinflammatory mediators in airway epithelial cells and macrophages, resulting in pulmonary inflammation (Kafoury et al., 1999; Koren et al., 1989; Zemski et al., 2016) . Plasma components can migrate across the damaged epithelial barrier and interact with lung-lining fluid. Repair processes which include repair of damaged cells, epithelial cell replication and migration to repair damaged areas, and wound closure are typically observed 4-72 h after exposure (Leroy et al., 2015; Nikula et al., 1988) .
Transcriptomic and proteomic analyses provide global views of mRNA and protein changes associated with toxicant exposure. These technologies facilitate the investigation of sequences of key events, providing insight into the mechanistic biology linking exposures with adverse outcomes. Recent advances in analytical technology permit the identification of small molecule metabolites that are the final products of the gene expression-protein synthesis sequence. Metabolite profiles reflect alterations in phenotypes and cellular activities at the functional level (Uppal et al., 2016) . Metabolites provide insights that are closer to the downstream biological processes as these typically occur at the metabolite level and not the mRNA or protein level. Analysis of metabolites has been widely adopted in medical research and has provided key mechanistic insights in many areas such as quantifying lung injury and cancer biomarker discovery (Cui et al., 2016; Hori et al., 2011; Stringer et al., 2011) . To date, however, there have been only a limited number of metabolomic analyses of the effects of environmental exposures on the respiratory tract.
Transcriptomic studies utilizing in vitro and animal models have shown that pathways associated with fatty acid metabolism, cell proliferation, stress response, adhesion molecules, host defense, and metal binding are perturbed by ozone exposure (Holloway et al., 2012) . Rodent proteomics studies have associated ozone exposure with oxidative stress response, and inflammation (Grantziotis et al., 2016; Haque et al., 2007; Kierstein et al., 2008; Wattiez et al., 2003) . Only a small number of metabolomic studies have evaluated the effects of ozone exposure. Air pollutant-induced changes in glucose, lipid, and amino acid metabolism associated with activation of systemic stress response pathways were seen in rodent and human serum samples (Miller et al., 2015 (Miller et al., , 2016 Ward-Caviness et al., 2016) . Although serum samples can define systemic perturbations, they are less useful for examination of mechanistic events in the airways that are the primary target of ozone. In this study, we assessed metabolites present in lung-lining fluid to characterize the temporal profile of injury, inflammation and repair in the airway from individuals following controlled exposure to both clean air and ozone. This is the first study to report such findings.
MATERIALS AND METHODS
Study population and experimental design. As was previously described by Devlin et al. (2012) , 23 nonsmoking, healthy adult volunteers participated in the study. Participants were informed of the procedures and potential risk, and each signed an informed consent. The study protocol and consent forms were approved by the University of North Carolina School of Medicine Institutional Review Board on the Protection of the Rights of Human Subjects as well as the US Environmental Protection Agency. Clinical Trial Registration (URL: http://www.clinicaltrials.gov) Unique identifier: NCT01492517.
Each of the 23 participants was randomly exposed to filtered air (FA) and 0.3 ppm ozone, with the exposures separated by at least 4 weeks, and bronchoscopy performed 24 h after exposure. In addition, 9 of the 23 participants returned for a second exposure regimen (FA and 0.3 ppm ozone) with bronchoscopy performed 1-h after exposure. This allowed us to characterize changes that occurred soon after ozone exposure as well as those that occurred 24 h later. During the 2-h exposures, each participant alternated 15-min periods of rest with moderate exercise on a cycle ergometer and the workload adjusted to achieve a minute ventilation of 25 l/min/m 2 body surface area during the exposure. Bronchoalveolar lavage fluid (BALF) was collected from each participant as described previously in Ghio et al. (2000) . In brief, a fiber optic bronchoscope was wedged into a segmental bronchus of the right middle lobe, and two 50-ml aliquots of sterile saline were instilled and immediately aspirated. After centrifugation at 1000 Â g for 10 min at 4 C, cell pellets were removed. The supernatants from the 2washes were pooled and stored at À80 C prior to analysis.
Metabolomics analysis. The BALF samples were analyzed for global metabolomic profile by Metabolon Inc. (Durham, North Carolina) with an ultrahigh performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS). Samples were prepared and analyzed as previously described in Evans et al. (2014) . In brief, they were extracted in methanol and the recovered small molecules were analyzed using UPLC-MS/MS in 4 different optimized settings: (1) Acidic positive ion conditions for more hydrophilic compounds were assessed using a C18 column (Waters UPLC BEH C18-2.1 Â 100 mm, 1.7 mm) using water and methanol, containing 0.05% pentafluoropropionic acid (PFP þ A) and 0.1% filtered air (FA). (2) Acidic positive ion conditions for more hydrophobic compounds were examined with a C18 column using methanol, acetonitrile, water, 0.05% PFPA and 0.01% FA and was operated at an overall higher organic content. (3) Basic negative ion conditions were optimized with a dedicated C18 column using methanol and water with 6.5 mM Ammonium Bicarbonate at pH 8. (4) The last condition for analysis of negative ions was an HILIC column (Waters UPLC BEH Amide 2.1 Â 150 mm, 1.7 mm) using a gradient consisting of water and acetonitrile with 10 mM Ammonium Formate, pH 10.8. The MS analysis alternated between MS and data-dependent MSn scans using dynamic exclusion. The scan range varied slightly between methods but covered 70-1000 m/z. Detailed methods can be found in the Supplementary Material. The processes of data extraction, peak identification, and quality control were performed using Metabolon hardware and software. Metabolon's library for compound identification is based on authenticated standards that contain the retention time/index (RI), mass to charge ratio (m/z), and chromatographic data (including MS/MS spectral data). The identifications are based on the following criteria: RI within a narrow RI window of the proposed identification, accurate mass match to the library 6 10 ppm, and the MS/MS forward and reverse scores between the experimental data and authentic standards. The MS/MS scores are based on a comparison of the ions present in the experimental spectrum to the ions present in the library spectrum. Although there may be similarities between these molecules based on one of these factors, the use of all 3 data points can be utilized to distinguish and differentiate metabolites.
Statistical analysis. Metabolites were quantified through assessment of MS/MS area under the curve (AUC). Following log transformation of the AUC data and imputation of missing values as the minimum observed value for each compound, a paired t test was used to identify metabolites that differed significantly between FA and ozone exposures. P values were not adjusted for multiple testing. MetaboAnalyst (v 3.0, http://www.metaboanalyst.ca/) was used for partial least squares discriminant analysis (PLS-DA) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. PLS-DA was performed for all the metabolites. The top loading metabolites at 1 h for component 1 were asparagine, creatine, proline, tyrosine, tryptophan, aspartate, histidine, phenylalanine, and alanine; for component 2 they were p-cresol sulfate, allantoin, glycerophosphoethanolamine, threonate, tricosanoyl sphingomyelin (d18: 1/23: 0), phenol sulfate, tryptophan betaine, stearoyl sphingomyelin (d18:1/18:0), alpha-tocopherol, and sphingomyelin (d18:1/22:1, d18:2/22:0, d16:1/24:1). The top loading metabolites at 24 h for component 1 were asparagine, tyrosine, citrulline, alanine, arginine, phenylalanine, proline, histidine, lysine, and serine; for component 2 they were mannitol/sorbitol, methyl-4-hydroxybenzoate, 1-stearoyl-GPE (18:0), glycerate, lidocaine, histidine, alphatocopherol, isoleucine, tryptophan betaine, and serine. KEGG pathway analysis was conducted for metabolites with a p < .05 for the selected contrasts (ozone 1-h vs air 1 h and ozone 24-h vs air 24 h) and identified with the Human Metabolon Database Compound (HMDB) IDs. The analysis utilized the homo sapiens pathway library with hypergeometric test for over representation analysis and relative-betweeness centrality for pathway topology analysis. For identifying potential upstreaming signaling associations, altered metabolites were submitted for network analysis through ingenuity pathway analysis (IPA, version 36601845, QIAGEN Inc., https://www.qiagenbioinformatics.com/ products/ingenuitypathway-analysis). The HMDB IDs, KEGG compound IDs, or PubChem IDs were used to map to the IPA database.
RESULTS

Ozone Exposure Changes the Profile of BAL Metabolites
A global metabolic analysis was conducted for the BAL samples collected from healthy human volunteers 1-and 24-h postair ozone exposure. A total of 134 metabolites were identified by Metabolon. Metabolites present at 1 and 24 h after ozone exposure were compared with those present at 1 and 24 h after exposure to clean air. A supervised multivariate statistical analysis was performed using PLS-DA. The 1-h data showed a clear separation between the air and ozone groups ( Figure 1A) . Analysis of the 24-h data also showed separation, but it was not as pronounced as that seen in the 1 ¼ h data ( Figure 1B ). Paired t tests identified 28 and 41 metabolites that were significantly altered (p < 0.05) at 1 and 24-h following ozone exposure, respectively, in comparison with metabolites present following air exposure (Table 1) . Additionally, 13 metabolites were altered at both 1 and 24-h after ozone exposure ( Figure 1C ). None of these 13 metabolites exceeded the multiple-test corrected cutoff level.
Ozone Exposure Primarily Increases Metabolites Associated With Amino Acids and Fatty Acids in BAL
Annotation of the metabolites with a p < .05 for the ozone-FA paired t test is listed in Table 1 for each metabolite at 1 and 24 h postexposure. All but one of the altered metabolites were higher after ozone exposure with an average fold change of 1.77 at 1 h (range 1.15-2.92) and of 1.40 at 24 h (range 1.13-1.84). The xenobiotic metabolite N-ethylglycinexylidide was decreased at 1 h following exposure with an average fold change of 0.36. Most altered metabolites were amino acids and lipids. Metabolites associated with amino acid metabolism made up 50% of those altered 1-h after ozone exposure and 49% of those at 24 h. Metabolites associated with lipids made up 25% of the differentially expressed metabolites at 1-h and 44% at 24 h. The remaining metabolites were associated with carbohydrate (3.6% at 1-h and 7.3% at 24 h), nucleotides (7.1% at 1 h and 0% at 24 h), xenobiotics (7.1% at 1 h and 0% at 24 h), energy (3.6% at 1 h and 0% at 24 h), and vitamins (3.6% at 1 h and 0% at 24 h).
Indication of Altered Energy Metabolism
The significant increase in amino acids suggests enhanced protein degradation or synthesis, possibly due to ozone -induced lung injury and inflammation. Both the metabolite and pathway data suggested a significant alteration of arginine, proline, and ornithine metabolism and may be an indication of increased urea cycle activity, which may become active when there is a reliance upon amino acid catabolism (Figure 2A ). Increases in arginine and borderline increases in citrulline (1.70-fold increase 1-h after exposure and 1.63-fold increase 24-h after exposure) at both time points also indicate increased nitric oxide production, which may contribute to increased inflammation after ozone exposure. Altered glucose utilization was indicated by elevated levels of glucose, glycerate, and lactate after ozone exposure. The elevation in glucose could be related to blocked mitochondrial utilization or, alternatively, could reflect increased blood levels of glucose in response to the stress of ozone exposure, with leakage of glucose from blood into the lining fluid of the ozone-damaged respiratory tract. The elevations of glutamine and glutamate at both time points and increases of a-ketoglutarate at 24-h suggest increased use of the mitochondrial carbon pool to support the trichrolacetic acid (TCA) cycle under impaired glucose utilization. Increased anaerobic metabolism associated with mitochondrial toxicity could also be related to the accumulation of lactate.
Indications of Increased Lipid Membrane Turnover in Response to
Ozone Exposure Many ozone-altered metabolites were associated lipid metabolism (25% at 1 h and 44% at 24 h). Phospholipid precursors, including significant increases in choline phosphate and phosphoethanolamine as well as the degradation products glycerophosphorylcholine (GPC) and glycerophosphoethanolamine, were increased 1 h after ozone exposure (Table 1) . These may result from increased lipid membrane turnover following ozone exposure, which is known to attack carbon double bonds on membrane lipids. Similarly, there were also elevated levels of lysophospholipids (1-palmitoyl-GPC and 1-stearoyl-GPC) following ozone exposure, which is consistent with increased lipase activity contributing to an increase in lipid membrane turnover (Table 1 and Figure 2B ).
Altered Metabolic Pathways After Ozone Exposure
The KEGG database categorized each metabolite based on its functionality (Table 1) . However, small molecules function together as an intricate network of interactions where each metabolite is involved in multiple biological processes. In order to rank the significance of altered pathways and overall biological perturbations caused by ozone exposure, we utilized the KEGG database to map altered metabolites in this study to any associated metabolism pathways and ranked the significance of ozone-altered pathways using the MetaboAnalyst interface with hypergeometric test. Metabolite pathways were divided into 3 groups: (1) pathways differentially expressed only at 1-h following exposure, (2) pathways differentially expressed at both time points and, (3) pathways differentially expressed only at 24-h after exposure. Using the HMDB, 40 of the 56 differentially expressed metabolites were mapped to the database. Pathways altered 1 h after exposure were glycerophospholipid, ether lipid, ascorbate, and aldarate metabolism (Figure 3) . The major pathways perturbed at both the 1-and 24-h time points were aminoacyl-tRNA biosynthesis and amino acid metabolism, including arginine, proline, alanine, aspartate, and glutamate. Pathways perturbed 24 h after exposure were aminoacyl-tRNA biosynthesis, amino acid metabolism (cyanoamino acid, glycine, serine, threonine), and lipid metabolism (glycerophospholipid and sphingolipid). The ascorbate and aldarate metabolism alterations at 1 h suggest possible antioxidant consumption during and after acute ozone exposure. The altered tRNA biosynthesis pathway at both time points suggests increased protein synthesis as part of the repair process after ozone exposure. A detailed KEGG pathway analysis is shown in Supplementary Table 1.
Potential Upstream Signaling Perturbations
Metabolites are the terminal downstream products present following ozone inhalation and reflect the physiological status of the lung. They are linked with changes in upstream gene expression and protein synthesis and function. Therefore, we utilized IPA to investigate potential upstream signaling network alterations associated with ozone exposure. Metabolites were submitted to IPA with multiple identifiers to optimize metabolite identification. In total 90 of the 134 detected metabolites were mapped to the Ingenuity knowledgebase. Network analysis highlighted upstream signaling hubs and connections to measured metabolites for the 1-and 24-h data (Supplementary Figure 1) . All the molecules were assessed for the number of connections to other molecules and the 20% most frequently connected molecules were defined as hubs and categorized based on the main biological function (Table 2) . Hubs identified in both 1-and 24-h data were associated with energy metabolism, cell signaling, and inflammation.
DISCUSSION
We conducted a metabolomics analysis of BAL samples from volunteers exposed acutely to ozone, a powerful oxidant, and measured metabolite changes that reflect the associated inflammation and lung injury. The metabolomics analysis identified changes consistent with a sequence of early phase (1 h) lung damage, altered glucose utilization, activation of oxidative stress responses and subsequent (24 h) cellular repair, with metabolomic signals of increased energy usage at both time points. The PLS-DA analysis (Figure 1) showed a clear separation of metabolite changes between the 1-and 24-h timepoints. Amino acids and lipids were the major metabolite alterations (Table 1 ) and the KEGG metabolism pathway analysis was consistent with initial stress response and subsequent cellular repair (Figure 3 ). Several decades of human studies have characterized pulmonary responses to acute ozone exposure. Ozone initially attacks compounds with carbon double bonds, including lipid membranes, resulting in damage to cells and the release of inflammatory mediators such as cytokines, followed by cellular repair (Bromberg, 2016; Devlin et al., 1997; Leikauf et al., 1995) . The human airway is lined with an abundance of antioxidants, including urate, ascorbate, and glutathione, that work in a coordinated manner with an inducible antioxidant defense system and that, together, function as a first line of defense against inhaled oxidants such as ozone (Bromberg, 2016) . The protective capabilities of this antioxidant defense system have been well characterized. For example, dietary supplementation with ascorbate, carotenoids, and alpha-tocopherol moderated the effects of acute ozone exposure on human pulmonary function (Samet et al., 2001) . A controlled human study showed reduced overall antioxidant capacity after acute ozone exposure (Chen et al., 2007) . At 1-but not 24 h, we found significant increases in allantoin (2.92 fold) and threonate (2.08-fold). These are metabolites of the antioxidants urate and ascorbate, respectively. Their early phase increases presumably reflect ozone-induced oxidative stress. Likewise, their lack of elevation at 24 h is consistent with the transition from active oxidative stress to the later repair of the oxidative damage. Glutathione was not significantly altered in the BAL samples. Previous human observations showed relatively high concentrations of glutathione (1-10 mM) relative to the concentrations of urate (200 mM) and ascorbate (50 mM) (van der Vliet et al., 1999) which may result in the lack of glutathione significance in this study.
Amino Acids
Ozone exposure is associated with an initial injury to epithelial cells lining the airways followed by repair or replacement of damaged cells. This is accompanied by an increase in cellular airway inflammation and various biomarkers of inflammation such as interleukins and prostaglandins (Bromberg, 2016) . Increased amino acid levels observed in BAL samples were more pronounced at 24 h, which is suggestive of protein degradation and synthesis, possibly associated with the signaling processes for repair of damaged epithelial cells. The amino acids methionine, cysteine, tryptophan, phenylalanine, and histidine are more sensitive to direct oxidation by ozone (Johnson, 1987; Sharma and Graham, 2010) . The elevated levels of tryptophan (2.0-and 1.5-fold), phenylalanine (2.1-and 1.7-fold), and histidine (1.7-and 1.8-fold) seen at 1-and 24-h, respectively in this study (Table 1 ) may be associated with the sensitivity as a result of potential protein damage. Branched-chain amino acids (BCAA) are the most hydrophobic amino acids and play an important role in formation of transmembrane proteins. Furthermore, BCAA make up 37% of the amino acids in lung surfactant protein B (Chou and Fasman, 1973) . The changes observed for BCAA (leucine 1.5 fold and isoleucine 1.4-fold) at 24 h suggest an ongoing repair process of lipid membranes and surfactant in the airway. The increases we observed in arginine and ornithine at both 1 and 24 h suggest increased urea cycle activity (Mori et al., 1998) . Nitric oxide is a potent proinflammatory mediator produced by alveolar macrophages and has been shown to be reliant on arginine (Inoue et al., 2000; Wolff and Lubeskie, 1995) .
Altered Energy-Related Metabolism
Exposure to air pollutants has been associated with perturbations of energy utilization. For example, epidemiological observation in nondiabetic humans found association between particulate matter exposures and increases in blood glucose (Peng et al., 2016) . Air pollutant exposure is also associated with impaired glucose and lipid metabolism in susceptible subpopulations such as people with diabetes (Yitshak et al., 2016) . Animal studies show that acute ozone exposure leads to altered glucose and energy metabolism, global lipid metabolite alteration in circulation, and lung mitochondrial oxidation (Bass et al., 2013; Mustafa and Cross, 1974) . Similar observation was reported where particulate matter exposure leads to glucose dysregulation and altered metabolic syndrome with the implication of diabetes in animal models (Zheng et al., 2013) . In this study, we found that ozone perturbed glucose and lactate levels in the BAL samples, with elevations seen at 1 and 24 h for glucose and 24 h for lactate. We observed ozone-induced changes in a-ketoglutarate, glutamate, and glutamine, suggesting impaired mitochondrial function. Prolonged ozone exposure leads to a decline in glucose uptake in ozone-exposed airway epithelial cells (Ahmad et al., 2005) , which is consistent with the increased levels of glucose we found in the BAL fluid. Survival of ozone-exposed airway epithelial cells is associated with ATP release from the cells. Impaired glucose utilization and ATP release from ozoneexposed cells, potentially depleting intracellular stores of ATP, could activate alternative pathways for energy generation/metabolism. Glutamine is a conditionally essential amino acid which under catabolic stress scenarios such as injury or sepsis can contribute to the replenishment of TCA cycle through a-ketoglutarate (Altman et al., 2016; Shanware et al., 2014) . In fact, proliferating cells with impaired mitochondrial metabolism actively import extracellular glutamine to generate pools of TCA cycle intermediates to support cell growth (Mullen et al., 2011) . Glutamine supplementation protected mitochondrial function following oxidant insult in airway epithelial cells (Ahmad et al., 2001) . Taken together, the increases in a-ketoglutarate, glutamate, and glutamine seen in our study after ozone exposure suggest that mitochondrial function may be impaired during ozone-induced oxidative stress and that elevated TCA cycle replenishment from an alternative source is used to support cellular repair.
Glutathione is an important component of cellular antioxidant defenses and glutathione S-transferase Mu 1 (GSTM1) is a common human polymorphism associated with increased sensitivity to pulmonary effects of ozone (Alexis et al., 2009; Romieu et al., 2004) . Among the subjects who participated in this study, 52% were GSTM1 null. Supplementary Table 2 shows ozoneinduced changes individuals who are GSTM1 positive or null. Although sample numbers were small, GSTM1 null but not GSTM1 positive subjects had statistically significant elevations (p < .05) of glucose, glutamine, and threonate levels in BAL samples after ozone exposure. Threonate is a metabolite of ascorbic acid, and increased levels of threonate are consistent with a shift to ascorbate for oxidant defense given a deficit in the ability use glutathione. Similarly, the elevated levels of glucose and glutamine in GSTM1 null but not in the GSTM1 positive subjects are consistent with increased sensitivity to the oxidative stress caused by ozone (Peng et al., 2016; Holloway et al., 2012; Zhang et al., 2014) Lipid Metabolites Fatty acids in lung surfactant and epithelial cell membranes are important targets for inhaled ozone. Ozone reacts with fatty acids to form relatively stable lipid peroxides. These can trigger signaling cascades through oxidant-related stress pathways and are also a specific form of cellular oxidative damage. We observed robust increases in phospholipids and their biosynthesis precursors at 1 h, GPCs at 24 h and sphingolipids at 24 h after ozone exposure. These changes are consistent with previous observations that lipid peroxidation products may act as a secondary messenger that helps to sustain the inflammatory response in the airway. Lung surfactant treated with ozone resulted in oxidized phospholipids which were associated with IL-8 release, impaired mitochondrial activity, and elevated cytotoxicity in airway epithelial and macrophage cells (Uhlson et al., 2002) . Furthermore, sphingolipids were identified as important signaling mediators involved in inflammatory regulation associated with stress response and cellular survival in the respiratory airways. Plasmalogen lipids, a type of ether lipid with a vinyl ether linkage at the glycerol backbone, showed high reactivity toward many oxidants (Murphy, 2001 ) and demonstrated reactivity with ozone in lung surfactant (Wynalda and Murphy, 2010) . Plasmalogen lipids are associated with respiratory disease, serving as antioxidant, and secondary messenger (Braverman and Moser, 2012) , and were elevated at 24 h in our study. Taken together, the significantly altered glycerophospholipid (1 and 24 h), ether lipid (1 h), and sphingolipid (24 h) pathways suggest surfactant alteration leading to inflammation and potential lipid membrane turnover as a repair mechanism after ozone exposure.
Strength of Metabolomics Analysis
Since altered energy metabolism is one of the major finding derived from the KEGG analysis in this study, IPA network analysis is consistent with the observed changes in energy-related metabolites. Parallel observations were made for mRNA and protein data with the same samples where many upstream signaling molecules associated with ozone exposure such as PI3K, MAPK, NFkB, and PKC were also observed in the IPA network analysis (data not shown). In future work, an integrated analysis of the mRNA, protein and metabolite data will be conducted. This integrated analysis will provide a more comprehensive understanding of the biological processes perturbed by ozone exposure.
Limitations of This Study
A targeted, as opposed to an untargeted, analysis was conducted. Although an untargeted analysis can identify thousands of metabolites for biomarker discovery, the targeted analysis employed in this study only quantified the 134 metabolites that could be positively identified. There is currently discussion as to whether the targeted metabolomics approach may provide a clearer representation of the altered physiological processes than the untargeted method, while the latter may have the capacity for novel metabolite discovery (Roberts et al., 2012) . Also, metabolite identification in this study may have been limited due to the sample matrix. In comparison with other matrices (eg, serum, urine, sweat), BAL samples represent relevant physiology for an exposure to ozone. However, sample acquisition involves an invasive procedure and introduction of exogenous fluid, possibly resulting in identification of fewer metabolites (Nobakht et al., 2015) . The double-blind crossover design employed in this study allowed each subject to serve as his or her own control and reduced potential bias. Also, damage to epithelial cells causes disruption in the tight junctions between epithelial cells, resulting in an influx of plasma components into the airways (Koren et al., 1989) . Metabolite changes observed in BAL samples may therefore reflect alterations in both airway and the blood. Finally participants were exposed to ozone concentrations that are higher than normally found in the United States (0.3 ppm), though not higher than can be found in other parts of the world. Thus, it is possible that the pathway changes observed in this study may not be the same as pathway changes that might occur in people exposed to levels of ozone near the EPA ozone standard of 0.076 ppm.
Summary
We observed metabolite changes seen in this study that are broadly consistent with ozone mediated oxidative stress response and cellular repair following ozone-induced lung cell injury. The clear separation in metabolite changes seen at 1-and 24-h postexposure indicates the potential for metabolomics studies to identify key metabolite pathways that occur immediately and some hours after ozone exposure and support mechanistic investigations of how airway cells respond to and recover from the damage caused by ozone exposure. In particular, the ability to track changes in energy-related metabolites such as glucose, glutamine, and a-ketoglutarate illustrates a capability of metabolomic studies that is not provided by upstream transcriptomic and proteomic studies. Although the overall cellular functions observed in this metabolite study were generally consistent with what is known about the impact of ozone on airway cells, this is the first study in which detailed metabolic pathways have been described which can potentially elucidate how ozone affects cellular function. In future work, we plan to integrate this metabolomics analysis with transcriptomic and proteomic datasets from the same study in support of development of a systems-level quantitative model of ozone toxicity.
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